Background. Rate-dependent conduction slowing by class I antiarrhythmic agents has clinically important consequences. Class I drugs are known to produce use-dependent sodium channel blockade. If rate-dependent conduction slowing by class I agents is due to sodium channel blocking actions, the kinetics of conduction slowing should be similar to those of depression of sodium current indexes in vitro. The purpose of the present investigation was to study the onset time course of ventricular conduction slowing caused by a variety of class I agents in humans.
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Methods and Results. Twenty-seven patients undergoing electrophysiological evaluation for antiarrhythmic therapy were studied. Changes in QRS duration at initiation of ventricular pacing at cycle lengths of 400 and 500 msec were used to evaluate the kinetics of drug action.
Mean time constants for each drug were similar to values for Vm.x depression reported in vitro studies: flecainide, 24.9 + 11.6 beats in eight patients (versus 34.5 beats reported for Vms, block); propafenone, 17.8±+ 6.9 beats in five patients (versus 8.4-20.8 beats); quinidine, 7.0±+2.4 beats in six patients (versus 5.6-6.2 beats); and amiodarone, 3.6 ±+2.0 beats for eight patients (versus 3.0 beats). Time constants were significantly different among the various drugs tested (p=0.0002 at a cycle length of 400 msec; p=0.002 at 500 msec), and there was a strong correlation (r=0.89,p<0.0001) between values obtained at a cycle length of 400 msec and those at a cycle length of 500 msec. No rate-dependent changes in QRS duration were seen at onset of ventricular pacing among eight age-and disease-matched control patients not taking class I antiarrhythmic drugs, including three patients subsequently showing such changes during type I antiarrhythmic drug therapy.
Conclusions. We conclude that class I agents produce use-dependent QRS prolongation in humans with characteristic kinetics for each agent that are similar to the kinetics of Vm.. depression in vitro. These results suggest that rate-dependent ventricular conduction slowing by antiarrhythmic drugs in humans is due to use-dependent sodium channel blockade. (Circulation 1991; 83:1987 -1994 These observations are consistent with fundamental models of antiarrhythmic drug interaction with cardiac sodium channels.3,4 According to these models, depolarization, which results in channel opening and then inactivation, tends to facilitate drug binding to the sodium channel, whereas repolarization, which returns sodium channels to their resting state, tends to facilitate drug dissociation. Increases in cardiac rate enhance drug action by increasing the amount of time in the activated and inactivated states at the expense of time in the resting state. Models of use-dependent channel blockade have important implications for mechanisms of clinical drug action.56 Rate-dependent blockade may contribute to the beneficial antiarrhythmic actions of both calcium78 and sodium9 channel blockers. In other instances, rate-dependent blockade may result in proarrhythmic properties. [10] [11] [12] A characteristic feature of use-dependent channel blockade is that it develops and dissipates with a typical time course for each antiarrhythmic agent.3-5 Studies in experimental animals have shown that the kinetics of conduction slowing due to both sodi-um1013-18 and calcium19 channel blockers parallel their actions on Vm..ax or inward current in vitro. We have shown that the onset of additional QRS prolongation upon an abrupt increase in ventricular rate in patients taking flecainide parallels the time dependence of flecainide's effects on Vmax in vitro.'2To our knowledge, this is the only quantitative study of the kinetics of use-dependent conduction slowing by an antiarrhythmic drug in humans. The possibility remains that the response we observed in the presence of flecainide was due to a nonspecific rate-dependent phenomenon such as myocardial ischemia, ion accumulation or depletion, and so on, and that the similarity to flecainide's in vitro blocking kinetics is purely coincidental.
The latter possibility could be critically assessed by evaluating the time course of conduction slowing upon an abrupt rate change in the presence of a variety of antiarrhythmic drugs with different kinetics of sodium channel blockade in vitro. If a specific use-dependent blocking action is responsible for conduction slowing, a characteristic time course should be observed for each agent. If, instead, a nonspecific mechanism is responsible for conduction slowing, the time course of the latter should be constant irrespective of the drug studied. The present study was designed to determine whether abrupt increases in heart rate result in ventricular conduction slowing in the presence of a variety of class I antiarrhythmic drugs and to establish the time course of any changes seen. Preliminary results have been presented in abstract form.20
Methods

Patient Population
The study group consisted of 27 patients receiving class I antiarrhythmic drug therapy for the treatment of cardiac arrhythmias. Eight patients not treated with class I antiarrhythmic drugs served as a control group. All patients were undergoing clinically indicated electrophysiological studies for the assessment of possible tachyarrhythmias (control group) or of the efficacy of antiarrhythmic drug therapy for ventricular tachyarrhythmias. Antiarrhythmic drugs studied were flecainide, propafenone, quinidine, and amiodarone. The clinical characteristics of both patient groups are summarized in Table 1 . The results presented for left ventricular ejection fraction were obtained from radionuclide angiography performed as part of the clinical management of each patient.
Electrophysiological Study
The electrophysiological protocol was performed at the beginning of the routine clinical study. All patients gave written consent to the invasive electrophysiological study. A quadripolar electrode was positioned in the right ventricular apex by way of the right or left femoral vein. Stimulation was performed with 1.5 -msec square-wave pulses with twice diastolic threshold current controlled by a programmable stimulator (Bloom Associates, Flying Hills, Pa.). Recordings of electrocardiographic leads I, aVF, and V1 and a right ventricular electrogram were obtained at 100 mm/sec paper speed (Mingograf T16, Siemens-Elema, Stockholm, Sweden). Electrocardiographic signals were obtained with electrocardiographic amplifiers (Electronics for Medicine, Pleasantville, N.Y.) with a band width of 0.1 to 100 Hz and a standardized signal amplitude of 1 mV/cm of recording paper. The kinetics of drug-induced blockade were assessed after an abrupt rate change induced by ventricular pacing. Ventricular pacing was initiated during sinus rhythm and was maintained for 1 minute at cycle lengths of 400, 500, and 600 msec. Because the onset of the pacing train was not coupled to the last sinus beat, analysis began with the second ventricular-paced complex, that is, the first ventricular complex at the selected RR interval. Patients were allowed to recover for at least 2 minutes after a series of stimuli at a given rate, which was a time found to be sufficient for the dissipation of all rate-dependent electrocardiographic changes.
Drug Dosage and Assay
Drug doses had been selected by the treating physician based on standard clinical criteria. All patients had received continuous oral therapy for at least 3 days before study. The rather large mean dose of amiodarone (Table 1 ) reflects the fact that several patients were in the loading phase of amiodarone therapy. At the end of the pacing protocol, a blood sample was drawn for drug concentration measurement. Plasma concentrations of quinidine, procainamide, amiodarone, and propafenone were measured by high-performance liquid chromatography as previously described.18,21-23 Flecainide was assayed with a fluorescence polarization immunoassay (Abbott Laboratories, Mississauga, Ontario). QRSn=QRSO+(QRSss-QRSO) exp (-n/i-) Where QRSn, QRSO, and QRSSS are the QRS duration of the nth beat, first paced beat, and at steady state, respectively, and r is a time constant expressed in terms of a number of beats. The magnitude of rate-dependent conduction slowing was calculated as QRSSS minus QRSO in each study. Analysis was performed separately on measurements obtained by each observer, and the values obtained forand the magnitude of rate-dependent slowing by the two observers were averaged to obtain representative values for each study.
Group data are presented as mean+SD. The significance of regression was determined by analysis of variance (ANOVA). 24 The statistical significance of differences among time constants and magnitude of rate-dependent slowing for different drugs was assessed by one-way ANOVA with a Scheffe test. 24 The overall significance of each drug as a determinant of the time constant and magnitude of ratedependent slowing was determined by ANOVA. The statistical significance of differences between values determined at a cycle length of 400 msec and those at 500 msec was determined by paired t tests, by use of only studies during which measurable changes were noted at both cycle lengths. A probability of less than 5% was taken to indicate statistical significance.
Results
In the eight control patients, abrupt changes in heart rate by ventricular pacing did not produce any rate-dependent changes in QRS duration (Figure 1 ).
However, in the presence of class I antiarrhythmic drugs, QRS duration increased progressively as an exponential function of beat number (Figure 1 ). Figure 2 shows analog data to illustrate the types of changes in the QRS that occurred after the onset of ventricular pacing at a cycle length of 400 msec, both in the absence and presence of class I antiarrhythmic drugs.
There was excellent agreement between the measurements made by either observer. Figure 3 shows the regression of QRS measurements made by observer 1 on QRS measurements made by observer 2. The correlation coefficient was 0.96 (p<0.0001), and the regression line was close to the line of identity with a slope of 0.94 and an intercept of 9.63 msec. There was also a highly significant correlation (r=0.85, p<0.0001) between the values of time constants obtained by use of the measurements of either observer. Figure 4 shows the results for an individual patient before and after quinidine therapy as measured by both observers. In this patient, as in the other two patients studied both before and during drug therapy, there were no changes in QRS duration after the onset of ventricular pacing in the control study, but clear use-dependent QRS prolongation occurred during ventricular pacing in the presence of drug therapy. The results obtained by either observer, unaware of beat number and treatment and measured independently, are quite similar.
The magnitude of rate-dependent conduction slowing depended on pacing cycle length. The time constants of rate-dependent QRS prolongation were estimated separately for data at basic cycle lengths of 400 and 500 msec. Although similar phenomena were observed at a basic cycle length of 600 msec, the magnitude of the changes seen was too small for precise calculation. The changes observed were largest at a cycle length of 400 msec, and the curve fits were consequently better than those at 500 msec. Mean time constants for the onset of block are shown in Table 2 , with corresponding values for previously reported in vitro studies. In three patients, the changes at a cycle length of 500 msec were too small for the onset time constant to be calculated (one with propafenone and two with flecainide). In two patients taking amiodarone, time constants were only obtained at a cycle length of 500 msec. The time constants for flecainide and propafenone were significantly longer than those for quinidine and amiodarone, and the drug taken was a highly significant determinant of the time constant of rate-dependent QRS prolongation. Figure 5 shows the relation between time constants measured at a cycle length of 400 msec and those at a cycle length of 500 msec. There was a highly significant correlation between the two sets of results (r=0.89, p<O.OOOl). Although the magnitude of time-dependent conduction slowing was significantly greater at a cycle length of 400 msec than that at 500 msec (p<0.0001), there was no significant difference between the mean time constants obtained at either cycle length.
Discussion
Class I antiarrhythmic agents are all able to slow ventricular conduction, an action presumably due to the sodium channel blockade that they demonstrate a a AMIODARONE TIME CONSTANT = 2.9 r = 0.94 0 40 80 120 160 BEAT NUMBER in vitro. Their conduction slowing action has been shown to be qualitatively rate dependent in hu-mans12 and has potentially important clinical consequences. [9] [10] [11] [12] In the present study, we present data that show for the first time that a variety of class I antiarrhythmic agents produce use-dependent conduction slowing in humans with kinetics similar to those of Vm,, blockade in vitro.
Determinants of Rate-Dependent Conduction Slowing
There was a close correlation between time constants measured at a cycle length of 400 msec and those measured at 500 msec ( Figure 5) , and the mean time constants at either rate were not significantly different. While the onset rate constant is expected to decrease at shorter cycle lengths,26 the magnitude of the change resulting from a decrease in cycle length from 500 to 400 msec in likely to be too small to be detected by the techniques we used. Changes in QRS duration were larger at faster pacing rates, as expected for a rate-dependent phenomenon. This resulted in generally poorer curve fits at slower rates and presumably a lesser precision of the estimated time constants. We, therefore, used the values obtained at a cycle length of 400 msec for comparison with previously reported in vitro data.
As calculated at a cycle length of 400 msec (Table  2) , the mean onset time constants ranged from 3.6+2.0 (for amiodarone) to 24.9±+11.6 beats (for flecainide). The value we obtained for flecainide is in .20. the same range as the time constant (34.5 beats) for Vm,ax depression at a cycle length of 300 msec reported in guinea pig papillary muscles by Campbell.27 Our result for propafenone (17.8±6.9 beats) is similar to the range of values (8-21 beats) for Vmax depression in ventricular tissues at cycle lengths of 300-400 msec.28,29 For quinidine, Valois and Sasyn-iuk30 noted an onset time constant of 5.6+0.5 pulses at a cycle length of 600 msec in canine Purkinje fibers, and Grant et a125 reported a value of 6.2±1.5 pulses at a cycle length of 500 msec. These are quite close to the time constant of 7.0±2.4 beats that we measured at a cycle length of 400 msec. We were unable to find onset time constants for amiodarone to compare with the value (3.6±2.0 beats) that we obtained in humans. However, fitting data of Mason et a131 (their Figure 1) obtained a time constant for amiodarone of 3 pulses, in the same range as our results. Overall, the values that we measured in humans were in the same range as those reported in vitro, with the same rank order (flecainide > propafenone > quinidine > amiodarone). Comparison is limited by the different experimental animal species tested and by the fact that values are not always available at the same cycle length(s) in vitro as those we studied in humans.
Potential Limitations
We used QRS duration as an in vivo index of antiarrhythmic drug-induced conduction slowing.
Drug-induced changes in QRS duration are linearly related to directly measured changes in epicardial activation time,1832 provided overall morphology is unchanged (indicating a constant activation pattern). Even though ventricular conduction velocity is proportional to the square root of phase 0 inward current, interval-dependent changes in conduction time approximate a first-order function over the range of values obtained in this study. 18.33 We studied patients on therapeutic doses of antiarrhythmic drugs as selected by their treating physicians. Their 7 for flecainide. In addition, r at 400 msec was significantly different between amiodarone and propafenone (p<0.01). Overall, drug was a highly significant determinant of T, both at cycle length 400 msec (p=0.0002) and 500 msec (p=0.002). the therapeutic range,34 which varies among the drugs selected. This is relevant because the magnitude of drug action, and to some extent the onset time constant, depend on drug concentration. On the other hand, the magnitude of rate-dependent QRS prolongation was not significantly different among the various drugs studied, suggesting that the concentrations achieved were roughly equivalent in biological action. Furthermore, with corrections for protein binding, the concentrations were roughly in the same range as those in the in vitro studies used for comparison.27 31 We cannot exclude the possibility that myocardial ischemia may have contributed to some of the conduction slowing seen. Evidence against a primary role for ischemia is provided by the absence of raterelated slowing in control patients with coronary artery disease, its presence in patients on class I drugs without coronary disease, and the similarity of time constants for conduction slowing by a given drug in vivo and its depression of Vma, in vitro.
Clinical Relevance
The similarity between the time constants we observed for rate-dependent QRS prolongation in vivo and the values previously noted for Vma depression by the same drugs in vitro support the concept that their sodium channel blocking action is responsible for rate-dependent conduction slowing in humans. Such sodium channel blockade is probably responsible for the important QRS prolongation during exercise in patients taking flecainide12 and propafenone. 35 Rate-dependent conduction slowing by the sinus tachycardia of exercise may be responsible for some cases of proarrhythmia caused by class IC drugs.12 Evidence for rate-dependent arrhythmogenic mechanisms has been advanced in experimental animal models.10"',7 Rate-dependent conduction block may play a role in other proarrhythmic actions of class IC agents, such as the facilitation of lethal ventricular tachyarrhythmias during canine acute myocardial ischemia36,37 and the potentially detrimental effects of IC drugs in postinfarction patients. 38 Although amiodarone was not initially classified as a class I antiarrhythmic drug, unlike the other compounds we studied, it clearly has class I properties in vitro31,39 and in vivo.2,2240 Patients taking amiodarone may have QRS prolongation with exercise,41 which our results suggest are due to use-dependent sodium channel blockade. Amiodarone's use-dependent effects during exercise may be greater in patients with evidence of acute ischemia.42 This observation may be due to a sensitizing effect of acute ischemia to the drug's sodium channel blocking action. On the other hand, the degree of QRS prolongation by amiodarone at rest in the latter study was greater in the ischemic group, indicating a greater baseline drug effect and itself predicting greater QRS increases with exercise.1241
Use-dependent conduction slowing by class I drugs may be beneficial in reducing the rate of a ventricular tachycardia. Marchlinski et a19 showed that ventricular tachycardia slowing by procainamide can be predicted by rate-dependent QRS prolongation. Kidwell et a143 provided preliminary evidence for usedependent ventricular tachycardia slowing by flecainide in humans. They estimated a time constant of 15 seconds for the onset of ventricular tachycardia slowing by flecainide, which is in the same range as the time constant we obtained for QRS prolongation (10 seconds at a cycle length of 400 msec).
